Introduction: Goal directed therapy (GDT) is a method aiming at optimizing doses and timing of fluids, inotropes and vasopressors, through monitoring of cardiac output and other basic hemodynamic parameters. Several meta-analyses confirm that GDT can reduce postoperative complications in high risk patients, and a recent trial suggests its significant effect also in low-moderate risk patients. The aim of the present meta-analysis is to investigate the effect of GDT on postoperative complications, in both high and low risk patients. Moreover, we stratified the effect of GDT in different kind of surgical procedures.
Introduction
Approximately 240 million anesthesia procedures are performed annually worldwide (1) . 10% of these procedures are related to high-risk patients, and this group accounts for > 80% of perioperative deaths (2) . Moderate-risk surgery is much more common and constitutes about 40% of total surgical procedures (3) . Nonetheless, even moderate and low-risk patients could experience minor postoperative complications, including postoperative ileus, nausea, vomiting, and wound complications (4) which can prolong hospital stay, increase health-care costs, and reduce long term survival (5) (6) (7) .
Many postoperative complications are thought to be related to tissue hypoperfusion and imbalance between oxygen delivery and consumption. Goal-directed therapy (GDT) is a method which monitors the cardiac output and other basic hemodynamic parameters to optimize doses and timing of fluids, inotropes, and vasopressors. Several meta-analyses (8, 9) have suggested that GDT can reduce postoperative complications in high-risk patients, and a recent trial has also pointed to the significant effect of GDT on low or moderate-risk patients (10) . Although hemodynamic monitoring is recommended by national guidelines (11, 12) , a worldwide variability still exists in the adaptation of this strategy.
The present meta-analysis aimed to investigate the effect of GDT on postoperative complications in both high and low-risk patients. Moreover, we stratified the effect of GDT on different kinds of surgical procedures.
Methods

Eligibility criteria
Randomized controlled trials (RCTs) were selected according to the following inclusion criteria (13): 1) Types of participants: Adult patients aged ≥18 years who had undergone major non-cardiac surgeries were taken into account. On the other hand, studies involving mixed populations of critically ill, nonsurgical patients, or postoperative patients with sepsis or organ failure were excluded. 2) Types of interventions: GDT was defined as monitoring and manipulation of hemodynamic parameters to reach normal or supranormal values by fluid infusion alone or in combination with inotropic therapy in the perioperative period within 8 h after the surgery. On the other hand, studies including late hemodynamic optimization treatment were ruled out. 3) Types of comparisons: The trials which compared the beneficial and harmful effects of GDT to standard hemodynamic therapy were considered. On the contrary, RCTs with no description or no difference in optimization strategies between groups, as well as RCTs in which therapy was titrated to the same goal in both groups or was not titrated to predefined endpoints, were excluded. 4) Types of outcome measures: Complications which are defined as the number of patients with a least one postoperative complication were regarded as the primary outcome measure. Sensitivity analysis was planned including only trials with low risk of bias (see below). A subgroup analysis was also performed which included RCTs with a mortality rate of >10% in the control group (defined as high risk of mortality/morbidity). This cut-off was selected based on the results of a previous meta-analysis (14) . Another sub-group analysis was carried out considering the type of surgery. Moreover, for the overall group, as well as for every specific type of surgery, studies were divided on the basis of the target used in the GDT protocol and the adopted strategy (i.e., only fluids or fluids and inotropes). The targets which were used in the GDT protocol included indices of preload responsiveness, cardiac output or oxygen delivery, or other indirect indices of oxygen delivery, such as lactate and central or mixed venous oxygen saturation. It is worthy to note that the volume of crystalloids and colloids, as well as the total volume of fluid received during the GDT period, were also analyzed in those studies that used fluids alone. 5) Types of studies: RCTs on perioperative GDT in surgical patients were included. No language, publication date, or publication status restrictions were imposed.
Information sources
Different search strategies (last update September 2019) were performed to retrieve relevant RCTs using MEDLINE, The Cochrane Library and EMBASE databases.
No date restriction was applied for MEDLINE and Cochrane Library databases, while the search was limited to 2008-2018 for the EMBASE database (15) . Additional RCTs were searched in Cochrane Library, the Database of Abstracts of Reviews of Effects (DARE), and in the reference lists of previously published reviews and retrieved articles. Other data sources were manually Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 searched in the annual proceedings (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) of the Society of Critical Care Medicine, the European Society of Intensive Care Medicine, the Society of Cardiovascular Anesthesiologists, the Royal College of Anesthetists, and the American Society of Anesthesiologists. In order to reduce publication bias, abstracts were also searched (16) . Publication language was not a search criterion.
Search terms
Trials selection was performed using the following search terms: randomized controlled trial, controlled clinical trial, surgery, goaldirected, goal-oriented, goal target, cardiac output, cardiac index, DO2, oxygen consumption, cardiac volume, stroke volume, fluid therapy, fluid, fluid loading, fluid administration, optimization, optimization, and supranormal. The search strategies used for the MEDLINE, The Cochrane Library, and EMBASE databases are reported in supplementary material 1.
Study selection
Firstly, two investigators (F. P, L. D) examined each title and abstract to exclude irrelevant studies and identify the potentially relevant ones. The other two investigators (M. G, N. B) independently determined the eligibility of retrieved full-text articles. During this time, the two investigators were blind to the names of the author, institution, journal of publication, and the results.
Data abstraction and study characteristics
Data were independently collected by two investigators (G. B, S. R), and any discrepancy was resolved by re-inspection of the original article. To avoid transcription errors, the data were input into statistical software and rechecked by different investigators (M. G, N. B).
Gathered randomized controlled trial data
Data abstraction included surgical risk (defined by the authors on the basis of Physiological and Operative Severity Score for the enUmeration of Mortality and Morbidity (POSSUM) score (17) , American Society of Anesthesiologists (ASA) physical status classification, age >60 years, pre-operative morbidity, and type of surgery), mortality of control group, type of surgery (i.e., elective or emergent, abdominal, thoracic, or vascular), anesthesiological management, hemodynamic goal-directed therapy (end-points, therapeutic intervention, and monitoring tools). The volume of crystalloids and colloids, as well as the total volume of fluid which was received during the GDT period, were also analyzed.
Risk of bias in individual studies
A domain-based evaluation, as proposed by the Cochrane Collaboration, was used to evaluate the methodological quality of RCTs (18) . This is a twopart tool which addresses seven specific domains that are strongly associated with bias reduction (19, 20) . Each domain in the tool includes one or more specific entries in a 'Risk of bias' table. Within each entry, the first part of the tool fully describes the procedure of the study to confirm the earlier judgment about the risk of bias. The second part of the tool makes a judgment on the risk of bias for that entry. Each risk of bias was rated as Low risk/High risk/Unclear risk. Upon the completion of each domain, a 'Risk of bias summary' figure was generated which presented all of the judgments in a cross-tabulation of study by entry. The green plus indicates a low risk of bias, the red minus denotes a high risk of bias, and the white color implies an unclear risk of bias. For each study, the number of green pluses obtained for every domain was calculated: RCTs with five or six green plus were regarded as having an overall low risk of bias.
Summary measures and planned method of analysis
Meta-analytic techniques (RevMan software, version 5.3.5, Cochrane Collaboration, Oxford, England, UK) were used to combine studies using odds ratios (ORs) and 95% confidence intervals (CIs) for dichotomous variables. On the other hand, Weighted Mean Difference (WMD) and 95% CI were used for continuous variables. A statistical difference between groups was considered to occur if the pooled 95% CI did not include 1 for the OR. An OR less than 1 favored GDT, as compared to the control group. Two-sided p-values were also calculated. A random-effects model was selected for all analyses. Statistical heterogeneity and inconsistency were assessed using Q and I 2 tests, respectively (21, 22) . When the p-value of the Q-test was < 0.10 and/or the I 2 was >40%, heterogeneity and inconsistency were considered significant (23) .
Results
Study selection
The search strategies identified 3553 (MEDLINE), 10299 (Cochrane Library) and 3108 (EMBASE) articles. In addition, 13 more articles were found in other sources (e.g., congress abstracts, reference lists). After the initial screening and subsequent selection, a pool of 133 Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 
Study characteristics
All included articles evaluated the effects of hemodynamic optimization on mortality as the primary or secondary outcome and included adult surgical patients who had undergone both elective and emergent procedures ( Table 1 ). The studies were performed in Australia, the United States, Europe, Canada, Brazil, China, and India within 1991-2019 (Table 1 ) and were all published in English.
Data concerning population and type of surgery are presented in Table 1 . The risk of bias assessment for each trial is illustrated in Table 2 . Out of 47 studies, 10 cases reported a mortality rate of >10% in the control group.
Quantitative data synthesis
In 47 RCTs, 2329 patients developed at least one complication: 1030 out of 2781 (37%) were assigned to the perioperative GDT group, and 1299 out of 2772 (47%) were randomized to the control group. Pooled OR was reported as 0.58 and 95% CI was measured at 0.47-0.70 ( Figure 2 ). The sensitivity analysis revealed that the significant effect of GDT on postoperative complications was confirmed by a low risk of bias RCTs, with high statistical heterogeneity and inconsistency (OR 0.60, 95% CI 0.49-0.75, P<0.00001, Q-statistic P= 0.0003; I2 =54 %, 30 RCTs) ( Figure 2 ).
The subgroup analysis which only included studies in which the mortality rate in the control group was higher than 10% demonstrated significant results (OR 0.51, 95% CI 0.35-0.74, P=0.0004, Q-statistic P = 0.21, I2 =25 %, 10 RCTs). Moreover, a statistical significant effect was observed in those RCTs with a mortality rate of <10% in the control group (OR 0.59, 95% CI 0.47-0.74, P<0.00001, Q-statistic P< 0.00001; I2 =60%, 37 RCTs) ( Figure 3 ).
In the overall population, GDTs which used indices of preload resulted in a significant reduction of perioperative complications (OR 0.65, 95% CI 0.45-0.96, P=0.003, 6 RCTs; Table 3 ). Moreover, the GDTs which used indices of CO yielded significant results with high statistical heterogeneity and inconsistency (OR 0.55, 95% CI 0.44-0.70, P=0.00001, 38 RCTs; Table 3 ). Both adopted strategies (fluids only or fluids and Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 (Table 3 ). Furthermore, the subgroup analysis which enrolled major abdominal patients showed a significant result (OR 0.69, 95% CI 0.57-0.83, P=0.0001, Q-statistic P= 0.04, I2 =33 %, 29 RCTs, 3881 patients; Figure 4 ). In this specific kind of surgery, GDTs which used indices of preload as target resulted in a significant reduction in perioperative complications (OR 0.65, 95% CI 0.45-0.96, P<0.03, 6 RCTs). On the other hand, the use of indices of CO yielded significant results with high statistical heterogeneity and inconsistency (OR 0.70, 95% CI 0.56-0.86, P<0.008, 23 RCTs). The strategy of adopting only fluids only showed nonsignificant results (OR 0.81, 95% CI 0.61-1.08, P=0.16,), while the use of both fluids and inotropes significantly reduced postoperative complications (OR 0.63, 95% CI 0.49-0.79, P<0.0001, 18 RCTs: for fluids and inotropes; Table 3 ). In those RCTs which only adopted fluids as optimization strategy, patients in the GDT group received more colloid (Table 4 ) and less crystalloid (Table 4) , as compared to the patients in the control group. The total volume of fluid was not significantly different between the GDT and the control group.
A significant effect was observed in those RCTs which exclusively included orthopedic procedures (OR 0.482, 95% CI 0.230-0.790, P=0.004, Qstatistic p P= 0.24; I2 =26 %, 6 RCTs, 501 patients; Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 
Discussion
The present meta-analysis suggested that GDT can significantly reduce postoperative complications. This effect was confirmed when only low risks of bias for RCTs were included in the analysis. Both targets which were used in Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 hemodynamic management (i.e. indices of preload responsiveness or indices of CO) and both strategies (i.e. fluids only or fluids and inotropes) yielded significant results, even with heterogeneity. The observed significant reduction was confirmed in both high and low-risk patients who underwent abdominal, orthopedic, and neurosurgical procedures.
Hemodynamic monitoring and guided fluid administration can allow early detection and prompt rectification of inadequate oxygen supply, thereby preventing cellular hypoxia-mediated tissue injury. Adjustments in the administration of fluid and drugs must be performed in a timely manner to avoid both hypoperfusion and fluid overload. As evidenced by several RCTs and metaanalyses, GDT reduces postoperative complications in high-risk surgical patients, regardless of the monitoring or the achieved target (7) (8) (9) 14) . Nonetheless, the evidence concerning the effect of Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 Indices of CI 38 (10,24-32,34,36-39, 41,43-51,54-60,62-69) 864/2340 1095/2331 0.55 (0.44-0.70) <0.00001 61% <0.00001
Fluids 15 (28,31,33,35-37,42, 46,47,51,53,56 57,62,63) 334/814 393/801 0.61 (0.43-0.88) 0.09 61% 0.01
Fluids and inotropes 32 (10,24-27,29,30,32, 34,38-41,43-45,48-50,52,54,55,58- GDT on postoperative complications in low-risk patients is much more unclear. The present metaanalysis demonstrated that GDT is able to reduce postoperative complications in both high and lowrisk patients. Postoperative complications are related to ischemia that triggers a vicious cycle of inflammation, fibrosis, oxidative stress, apoptosis, and necrosis. Like in a "U-shape" manner, excessive fluid loading can result in fluid overload which eventually leads to endothelial injury and shedding of the glycocalyx, promotes endothelial leak, further oedema that worsens oxygen convection, and postoperative complications. Therefore, it can be argued that GDT allows the judicious use of fluid when it is needed. Moreover, it prevents unnecessary fluid loading when hemodynamic targets are already met (70) . This personalized and prompt strategy can explain the reduction of postoperative complications in low-risk patients. It was traditionally believed that these patients are able to adapt to perioperative stress therefore, they do not need any hemodynamic monitoring and strategy. A recent RCT (10) , which was included in the present meta-analysis, supported this hypothesis. It is noteworthy that the most robust result of the present meta-analysis was observed in the subgroup analysis enrolling trials that adopted indices of preload as a hemodynamic target. All these trials also enrolled low-risk patients suggesting that a less invasive approach could be sufficient in order to preserve tissue perfusion at least in this category. Nevertheless, the high heterogeneity of the subgroup analysis which included low-risk patients reduced the strength of the evidence.
Another finding of our meta-analysis was that the total volume of fluid did not increase with the use of GDT. Patients received more colloids but fewer crystalloids; accordingly, the total volume of fluid was not significantly different between the control and GDT group. This finding goes against the perception or the fear that using hemodynamic optimization protocols may be associated with Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 excessive fluid administration. On the contrary, it supports the idea that GDT helps clinicians to give the right amount of fluid to the right patients at the right time without necessarily modifying the average amount of fluid given to a patient.
The beneficial effect of GDT on abdominal surgery is widely known and supported by other meta-analyses (71, 72) , and the results of the present study also confirmed this effect. Real-life implementation of an intraoperative GDT protocol Downloaded from jsurgery.bums.ac.ir at 15:38 IRDT on Sunday March 22nd 2020 was associated with a significant reduction in the incidence of complications following gastrointestinal surgery. Moreover, the observed improvement in the quality of surgical care was not associated with a significant increase in hospital costs (73) . Different from other studies; however, the present meta-analysis also demonstrated significant results in other kinds of surgeries suggesting that GDT application could be extended to other surgical settings. The incidence of postoperative complications is well-known in abdominal surgery ranging from 12% after hepatectomy to 44% following esophagectomy (74) . However, similar incidences are reported in other types of surgical procedures. For orthopedic surgery (i.e. hip fracture surgery), postoperative complications range from 7% for pulmonary adverse events to 42% for cardiac complications (75) . In addition, vascular surgery shows similar trends varying from 21 to 33% (74) . Moreover, all these surgical patients usually belong to the "highrisk" category, due to age, comorbidity, and reduced cardiovascular reserve. Therefore, a strategy which is aimed to maintain cardiac output in these frail patients undergoing specific surgical procedure could result in reduced postoperative complications. Nevertheless, we did not manage to study the effect of GDT on vascular surgery since most studies involved a mixed population of abdominal and vascular patients, and no individual data were available.
A major limitation of our analysis is the presence of heterogeneity in defining postoperative complications, and a random-effects model was used even when the estimated amount of heterogeneity was low. High heterogeneity was found in almost all subgroups which reduced the strength of the results. Moreover, even if we try to control clinical heterogeneity with subgroup analysis by splitting studies on the basis of monitoring tools and targets, statistical heterogeneity will remain high; therefore, the obtained results should be interpreted with caution.
Conclusions
Despite the clinical and statistical heterogeneity and paucity of data, Tthe present meta-analysis made new suggestions concerning the beneficial effect of GDT on the reduction of postoperative morbidity rates in low-risk patients, as well as in other types of surgeries, different from major abdominal operations. These results require other RCTs with the aim of exploring the real impact of hemodynamic GDT and its specific issues (i.e. monitoring tools and targets, means adopted, patients to enroll) on low-risk patients, as well as other surgical settings.
